In mammals smooth retinotopic maps of the visual field are formed along the visual processing pathway whereby the left visual field is represented in the right hemisphere and vice versa. The reorganization of retinotopic maps in the lateral geniculate nucleus (LGN) of the thalamus and early visual areas (V1-V3) is studied in a patient who was born with only one cerebral hemisphere. Before the seventh week of embryonic gestation, the development of the patient's right cerebral hemisphere terminated. Despite the complete loss of her right hemisphere (di-and telencephalon) at birth, the patient's remaining hemisphere has not only developed maps of the contralateral (right) visual hemifield but, surprisingly, also maps of the ipsilateral (left) visual hemifield. Retinal ganglion-cells changed their predetermined crossing pattern in the optic chiasm and grew to the ipsilateral LGN. In the visual cortex, islands of ipsilateral visual field representations were located along the representations of the vertical meridian. In V1, smooth and continuous maps from contra-and ipsilateral hemifield overlap each other, whereas in ventral V2 and V3 ipsilateral quarter field representations invaded small distinct cortical patches. This reveals a surprising flexibility of the self-organizing developmental mechanisms responsible for map formation.
In mammals smooth retinotopic maps of the visual field are formed along the visual processing pathway whereby the left visual field is represented in the right hemisphere and vice versa. The reorganization of retinotopic maps in the lateral geniculate nucleus (LGN) of the thalamus and early visual areas (V1-V3) is studied in a patient who was born with only one cerebral hemisphere. Before the seventh week of embryonic gestation, the development of the patient's right cerebral hemisphere terminated. Despite the complete loss of her right hemisphere (di-and telencephalon) at birth, the patient's remaining hemisphere has not only developed maps of the contralateral (right) visual hemifield but, surprisingly, also maps of the ipsilateral (left) visual hemifield. Retinal ganglion-cells changed their predetermined crossing pattern in the optic chiasm and grew to the ipsilateral LGN. In the visual cortex, islands of ipsilateral visual field representations were located along the representations of the vertical meridian. In V1, smooth and continuous maps from contra-and ipsilateral hemifield overlap each other, whereas in ventral V2 and V3 ipsilateral quarter field representations invaded small distinct cortical patches. This reveals a surprising flexibility of the self-organizing developmental mechanisms responsible for map formation.
functional MRI ͉ retinotopic mapping ͉ achiasmatic ͉ cortical lesion ͉ V1 development T he human cerebral cortex contains continuous topographic maps for auditory, visual, and somatosensory inputs and motor cortex outputs (1) (2) (3) (4) . It is believed that these maps result from a self-organizing process that is supported by complex interactions between molecular cues and neuronal activity (5) (6) (7) (8) (9) . In the mammalian visual system, map formation depends on a succession of developmental decisions. (i) In the optic chiasm, ganglion cell axons from the nasal retina cross the midline and project to the contralateral hemisphere while those from the temporal retina project to the ipsilateral hemisphere. (ii) In the thalamic lateral geniculate nucleus (LGN), projections from the 2 eyes terminate in alternation in 6 retinotopically corresponding layers; (iii) In primary visual cortex V1, the contralateral visual hemifield is represented in a smooth, topographically organized map which, in primates, is subdivided into columnar systems representing the 2 eyes and various feature domains such as orientation, spatial frequency, and color. (IV) In primates visual areas V2 and V3 contain maps of quarterfield representations of upper and lower contralateral visual fields that are mirrored along the representations of the vertical and horizontal meridians between adjacent areas (3, 10, 11) .
Evidence indicates that formation of these visual maps depends on an interplay between gradients of matching molecular markers expressed in both sending and receiving structures and self-generated as well as experience-dependent neuronal activity (12) (13) (14) (15) (16) (17) (18) .
The columnar representations of the 2 eyes and of the various feature domains develop later than the retinotopic maps (19) , in most species at stages where retinal activity, whether selfgenerated or experience-dependent, can be manipulated. Experiments exploiting the option to interfere with activity revealed that the expression of these late-developing maps is highly susceptible to manipulations of activity, whereby activity seems to play both a permissive and instructive role (17) . First, activity promotes expression of trophic factors and recognition molecules required for path finding and target recognition. Second, temporal synchrony of self-generated and stimulus-induced activity is used to define topographic and functional relations that are exploited for input selection (i.e., high frequency synchronized bursting; refs. 20, 21) . With respect to the formation of retinotopic maps much less is known about the relative importance of genetic and epigenetic mechanisms. Studies in mutants with abnormal crossing patterns of ganglion cell axons in the optic chiasm have revealed a certain capacity of the thalamic and cortical target structures to adapt to the abnormal input projections (22) (23) (24) (25) . However, in these cases it is unclear to which extent the mutations have simultaneously affected molecular markers in both sending and receiving structures which limits inferences on the adaptive capacity of target structures.
Results
Here we report on a single case study of a 10-year-old girl (AH) who lacks the entire right cortical hemisphere and most of her right eye (microphtalmus). AH has a modest left hemiplegia for distal movements (hemiparesis) but close to normal vision in both hemifields. The latter suggested a drastic reorganization of the afferents from the normal left eye to the intact left hemisphere. The uniqueness of AH involves this absence of hemianopia. Unlike patients with hemispherectomy, who lost a hemisphere following surgery for epilepsy treatment (26), AH's congenital condition allowed the brain to develop in the presence of only one cortical hemisphere. To determine the structural and functional basis of this reorganization, we used functional MRI (fMRI) to investigate the organization of retinotopic maps in the visual thalamus and cortex. Quantitative perimetry (Fig. 1) confirmed that the visual field comprised both hemifields which indicates that afferents of both the nasal and the temporal retina of the left eye project to the intact ipsilateral hemisphere. In this case, the rerouting of the retinal projections is caused by the missing targets of optic nerve fibers originating in the nasal retina, which normally cross in the optic chiasm toward the contralateral hemisphere. Thus, this condition should allow one to determine unequivocally the adaptive response of thalamic and cortical targets to misrouted afferent pathways (See SI Text for more details on patient AH's case history).
Structural MRI. The loss of the AH's right hemisphere had been discovered when she was 3 1 ⁄2 years old and underwent an MRI scan because of myoclonic seizures (brief, involuntary twitching) on the left side. Apart from these successfully treated seizures and a hemiparesis, AH's developmental and medical history was normal. She successfully attends a regular school and masters activities requiring bilateral coordination such as roller skating and bike riding. Our structural MRI measurements at the age of 10 confirmed the complete loss of AH's right cerebral hemisphere including the telencephalon and almost the entire diencephalon. The cerebellum and mesencephalon up to the level of the superior colliculi is preserved on both hemispheres. (Fig. 1 , SI Text, Fig. S1 and Movie S1) Functional MRI-Retinotopic Maps. To examine the visual maps we used fMRI to obtain phase-encoded retinotopic preference maps in response to black and white inverting checkerboard wedges rotating slowly through the visual field (polar-angle mapping) (3, 27, 28) and ring-shaped checkerboards around the fixation point that slowly expanded to the periphery (eccentricity mapping, SI Text). Mapping stimuli were presented only to the intact left eye, while the right eye was completely covered with an eye patch. fMRI data underwent standard preprocessing steps (29) (SI Text). Mapping data were compared to 3 control subjects, one of which was matched for age (ATS10). Eye-movements were monitored during fMRI recordings (Fig. S2) .
For the polar angle experiment, we performed 3 complementary steps of analysis for AH's left visual cortex by mapping (i) the representation of the entire (i.e., bilateral) visual field, (ii) the representation of the normal right (i.e., contralateral) visual hemifield, and (iii) the representation of the left (i.e., ipsilateral) visual hemifield.
Bilateral Visual Field Maps. In step 1, the retinotopic maps in AH's left hemisphere ( Fig. 2A) showed the same preference for input from the contralateral visual hemifield as observed in control subjects (Fig. 2B) . However, embedded in this preference map are islands with a clear preference for input from the ipsilateral (left) visual hemifield (warm colors in Fig. 2 A) . In normal subjects (Fig. 2B) , the demarcation line between V1 and V2 is defined by the representation of the vertical meridian. In AH the dorsal V1/V2d demarcation line, as determined according to the same criterion, appears to bulge out around the island which represents ipsilateral input. Other smaller islands representing parts of the ipsilateral visual hemifield are observed at the ventral borders between V1/V2v and V3/V4v (Fig. 2 A) .
Contralateral Visual Field Maps. To determine whether the islands containing maps of the ipsilateral visual hemifield overlap with or distort the map of the contralateral visual field, we computed the retinotopic map of the contralateral (right) hemifield (step 2). In the control subjects the maps of the contralateral hemifield obtained from steps 1 and 2 closely resemble each other (Fig.  2C) . However, in AH the hemifield map obtained in step 2, shows crinkles around the area that responded to ipsilateral stimulation, suggesting some inhomogeneity. Moreover, the border between V1 and V2 now lacked the bulge obtained in step 1 and its trajectory closely matched that obtained from the control subjects (Fig. 2C) . The V1/V2 divide (along the representation of the vertical meridian) now appears as a straight line crossing the middle of the island which represented parts of the ipsilateral hemifield during step 1.
Ipsilateral Visual Field Maps. In step 3, we calculated the retinotopic map for the ipsilateral hemifield. Normal subjects do not show ipsilateral representations in early visual areas (not shown) (30) . In AH, the ipsilateral map consisted of smoothly organized islands ( Fig. 2 D and E; Fig. 3A) . The most extended of these islands was centered around the dorsal end of V1 and showed a clear, smooth and near complete map of the whole hemifield, i.e., the typical retinotopic map found in V1 (Fig. 3 E and F, Fig. S3 ). In addition, we identified further quarter-field representations in the ventral pathway around the borders of visual areas V1/V2v (Fig. 3 G and H) and V3/V4v (Fig. 3A) .
Interestingly, islands that were found to respond to ipsilateral visual field stimulation ( contralateral representations it is the optimal place for the insertion of new maps if smooth transitions are favored. Contralateral (step 2) and ipsilateral (step 3) maps overlapped in a mirror-symmetric way which allows for a relatively smooth transition at the vertical meridians but causes conflicts in the regions of direct overlap (horizontal meridians).
For ipsilateral visual field map V1/V2d the pattern of smooth transitions along the vertical and conflicting along the horizontal meridian becomes especially apparent when the crosscorrelation coefficients are examined in more detail (Fig. 3G) . Those cortex points that favor a vertical meridian (270°or 90°) show only one cross-correlation peak and all others show 2, which results in an X-shaped cross-correlation pattern in Fig. 3G , with one diagonal (from upper-left to lower-right) indicating the main polar angle preference and a second degraded diagonal from upper-right to lower-left indicating mirror-symmetric second polar angle preference of the overlapped map (with only one peak at the line crossing 90°and endpoint 270°). The ipsilateral visual field map V1/V2d is surrounded by regular V1, which is only representing the contralateral visual field without overlaps (Fig. S3C) .
For the ipsilateral visual quarter-field maps in ventral V1/V2v and V3/V4v, a markedly different cross-correlation pattern is observed (tilted line, Fig. 3H ), which confirms the absence of any overlapping maps in these regions (see Fig. S3 for eccentricity mapping and control subjects).
Ipsilateral Maps and Perimetry. These maps of the ipsilateral hemifield agree well with the perimetry data. They account for preserved vision in the ipsilateral-hemifield. Moreover, the insertion of the ipsilateral map on the ventral part of V1/V2v and V3/V4v is compatible with the reduced representation of the contralateral upper visual field which normally occupies this region of V1 and may have been repressed by the insertion of the ipsilateral map. Moreover, the lower quarter-fields are less reduced (more than 20°remain ipsilaterally and more than 30°c ontralaterally) and are represented in the dorsal part of visual areas V1/V2d which is the part that appears to be extended with locally overlapping contra-and ipsilateral representations.
Visual Field Maps in LGN.
Analysis of the retinotopic maps in the LGN was performed for each visual hemifield separately (steps 2 and 3) (Fig. 4) . The extension of the contralateral map was smaller than the extension of the new ipsilateral map (Figs. 4A and Fig. S4 ), which was about three times bigger. Moreover, the polar plots for the contralateral map showed double peaks, indicating somewhat overlapping maps. In control subjects, the contralateral visual field was represented in a smooth, retinotopically organized map as described previously (31) (Fig. S4) . In AH the representation of the contralateral hemifield was shallow and occupied only border areas of the LGN, with somewhat normal gradients (1-2 in Fig. 4B , see comparison to control Fig.  S4 ). The representation of the ipsilateral hemifield was clearly segregated from that of the contralateral field, seemed to be more extended than the latter, especially for the upper visual field, and appeared to be subdivided into an anterior and posterior partition (Fig. 4 C and D, and Fig. S4 ). The anterior partition also showed a clockwise shift of polar angle preference (3-4 in Fig. 4C ) whereas the posterior portion showed a counterclockwise shift in polar angle preference (5-6 in Fig. 4D ), which is indicative for a mirror symmetrical organization between these partitions. The representations of the contralateral upper and the ipsilateral lower visual field were difficult to detect (Fig. S4 ). Possible reasons are that regions representing these quadrants may be overlapping with other representations or exhibit poor retinotopy due to partial volume effects and were therefore not distinguishable with our method.
Discussion
In summary, these results demonstrate a surprising capacity of visual projections and processing centers to adapt to the early loss of an entire cerebral hemisphere that normally processes information of the whole contralateral visual hemifield. Crossing in Optic Chiasm. Perhaps the most unexpected response is the rerouting of optic nerve fibers in the chiasm because the decision to cross or to stay on the ipsilateral side is thought to depend on molecular cues (Eph-B1, Eph-A5-6) that are expressed as gradients in the retina, serving as a label for the origin of retinal axons and then interact with guiding receptor cues (Ephrin-B2) at the optic chiasm, allowing the crossing of fibers from the nasal and preventing such crossing of fibers from the temporal retinae (6, 9, 32) . In human embryos the optic discs start to develop at Carnegie stage 9 (day 25), the diencephalon becomes distinguishable at Carnegie stage 10 (day 28), and ganglion cell axons reach the optic chiasm at Carnegie stage 20 (approximately 49 days of gestation; (33); for more information see SI Text).
The most parsimonious interpretation of AH's history is that at the time optic nerve fibers reached the chiasm the precursor of the missing hemisphere had already disappeared and that the crossing fibers followed ipsilateral guiding cues because of the lack of contralateral guiding structures, joining the ipsilateral optic tract together with the few crossing fibers of the microphtalmic right eye. If so, this implies that there are no molecular repressors preventing axons from the nasal retina to enter the ipsilateral hemispheres (4). Since this is not observed in normal development, it follows that ''crossing'' is the default solution. This agrees with the crossing patterns in the various albino mutants, which are all characterized by partial or complete crossing of axons from the temporal retina (23) . From an evolutionary perspective, this suggests that the development of overlapping binocular visual field representations went along with the implementation of molecular mechanisms preventing the default crossing of fibers from the temporal retinae (34). While we are ignoring the cause of the hemisphere loss, the time of the incident can be estimated. The microphtalmia suggests that the precursor of the retina was about to develop and hence the embryo should have reached Carnegie stage 9 or 10 (day 25/28) but because of the rerouting of the axons the incident must have occurred before Carnegie stage 20. Because the diencephalon is mostly missing, with the exception of some indefinable tissue remnants, the incident might have occurred even around Carnegie stage10.
Visual Field Maps in LGN.
The retinotopic maps and their interocular alignment also depend on gradient matching between markers of retinal and thalamic origin (Ephrin-A and -B) (9, 32, 35) . Ephrin-A5 determines an anterior to posterior (and dorsal to ventral) gradient in the LGN onto which ganglion cell axons align from the periphery to the center. The density of Eph-A5-6 receptor is highest in the center of the human retina and levels off toward the nasal as well as the temporal fringe of the retina (32) . The Eph-A5-6 gradients are therefore ideally suited to guide the projections from both eyes to retinotopically corresponding laminae in the LGN. The afferents from the temporal part of the ipsilateral retina and the nasal part of the contralateral retina (both expressing the same Eph-A5-6 gradient) match with the Ephrin-A5 gradients in the LGN so that afferents from the 2 eyes conveying information from corresponding locations within the visual field terminate in matching parts of the various LGN laminae. The second axis is defined by Ephrin-B gradients and causes the ventral to dorsal retina to map onto the medial to lateral axis of the LGN. Consequently, the lateral part of the LGN (Fig. 4B) represents the lower visual field (dorsal retina) and more medial parts of the LGN represent the upper visual field (ventral retina). In AH, both the nasal and the temporal retina of the ipsilateral eye had to be mapped into the LGN. A possible solution is the substitution of the missing projections from the contralateral nasal retina by projections from the ipsilateral nasal retina. This mapping pattern would be consistent with the molecular cues (Eph-As gradients) from the nasal retina, but it would lead to a mirror-symmetric representation of the visual hemifields in the laminae receiving inputs from the temporal and nasal retina, respectively. This is exactly what has been observed in Siamese cats and other albino like mutations-in which also temporal axons are crossed (24, 25) -and in rare cases of achiasmatic dogs in which all optic nerve fibers terminate in the ipsilateral LGN (36) . In these cases the maps in adjacent laminae are noncongruent and mirror-symmetric with respect to the vertical meridian of the visual field. These mutants exhibit congenital seesaw and pendulum nystagmus and develop squint (37) . Comparable symptoms are also observed in rare cases of achiasmatic humans (38) , but there are yet no data on map formation in these subjects. The similarity of symptoms suggests that their maps resemble those reported for the achiasmatic dogs. AH showed no sign of nystagmus and had a markedly different layout of LGN maps. Although we could not resolve individual laminae of her LGN it appeared as if the ipsi-and contralateral hemifields were mapped onto different LGN portions. One possibility is that this partitioning resulted not only from molecular specification but in addition from activity-dependent self-organization (39) . Long before visual experience is available, waves of correlated activity travel over the retina and contribute to the establishment of neighborhood relations in the LGN (20, 21, (40) (41) (42) (43) .
The mirror-symmetric maps formed by the abnormal nasal afferents representing the ipsilateral hemifield might be the result of a competition between molecular cues and activitydependent shaping. The mirror inversion of the posterior map would naturally result from molecular cuing while the smooth transition toward the anterior ipsilateral and the normal contralateral hemifield maps could have been established by activity-dependent axon sorting.
Cortical Visual Field Maps. In AH the V1 maps representing ipsiand contralateral hemifields were both mirror-symmetric to each other and partly overlapping. This resembles the condition observed in albinism (22, 23) where, depending on the degree of hypopigmentation (44), axons from the temporal retinae cross the midline, terminate in laminae of the LGN normally reserved for the ipsilateral eye, and lead to maps of parts of the ipsilateral hemifield that are mirrored along the representation of the vertical meridian. In theory, there are 2 solutions for the representation of these mirror-symmetric maps in V1. First, the normal, contralateral map could be compressed and the ipsilateral map inserted so that the mirror-symmetric maps fuse at the vertical meridian. A conflict would then arise at the V1/V2 border, because the transition between the 2 neighboring V1/V2 maps would no longer be smooth. The alternative is a ''pepper and salt'' solution with islands of the ipsilateral map inserted into the contralateral map, resembling somewhat the system of ocular dominance columns. Interestingly, both solutions are found in Siamese cats, known as the Boston and the Midwestern variant.
In AH, both strategies appear to be combined. The dorsal V1/V2d map exhibits mirror-symmetric overlap as expected from the pepper and salt solution, whereas the remaining maps of V1 and extrastriate regions V2-V3 show an eccentricity dependent prevalence of either the contra-or the ipsilateral map with an apparent shift of the representation of the vertical meridian. The most parsimonious explanation for the observed arrangement of the 2 maps is that both the normal afferents from the temporal retina and the rerouted afferents from the nasal retina terminate according to the molecular gradients of the Ephrin cues but then, in addition, compete for representational space whereby self-generated activity may strengthen the coherence of domains representing adjacent sites of the nasal and temporal retina, respectively. Sestan and colleagues (45) found that in the macaque monkey, Ephrin-A5 expression is more pronounced in the dorsal compartment of striate cortex than in the more ventral V2 region (45) . An Ephrin dominated mechanism would account for the overlapping, mirror-symmetric maps in V1 while a more activity-driven sorting process could account for the more segregated map arrangements in ventral V2 and V3. Eph-As are expressed already at E65 in macaque visual cortex and are thought to determine the development of striate and extrastriate cortex (46) . This early expression supports the hypothesis that genetic (i.e., molecular cues) support the generation of protomaps (47) which are then refined by epigenetic (i.e., activity-dependent) processes.
Conclusions
Taken together, the remapping processes observed in AH suggest that the meridians are first positioned by molecular cues and that the afferents from both the temporal and the nasal retina are sorted accordingly. Subsequently, the rerouted projections from the nasal retina seem to compete for space, attempting to develop independent maps. The development of extrastriate ventral visual areas may depend less on molecular cues and more on epigenetic mechanisms and this would account well for the better segregation of the maps. The fact that the rerouted projections support absolutely normal perceptual functions as well as visuomotor coordination strongly indicates the action of highly efficient adaptation mechanisms beyond early visual cortices that are capable of extracting useful information from maps that, because of rerouted axons and molecular cuing, exhibit markedly abnormal topologies.
Experimental Procedures
Subjects. For comparison AH's retinotopic maps were compared against 2 normal adult subjects (HDR01, KRT28) (48), and one age-matched control subject (ATS10) (SI Text).
Eye Movement Monitoring. Eye movements of patient AH were monitored during the fMRI experiment and recorded for control subject ATS10 (SI Text, Fig. S2 ). Eye bulb movement extracted from fMRI time-course was used as a posthoc monitoring of eye movements in AH and ATS10 (49) Structural and Functional MRI. MRI was performed at 3Tesla using standard MRI parameters. Anatomical data were corrected for inhomogeneity and transformed to Talairach-space, and the cortical surface was reconstructed. Functional MRI time series were preprocessed using standard parameters and coaligned to anatomical data-set. Preferred response phase were determined for each brain location by cross-correlation to a set of reference functions, each of which is shifted in time for 2.1 s (1 volume of fMRI images). (For more information see SI Text). ⁄2 years old and underwent an MRI scan because of myoclonic seizures (brief, involuntary twitching) on the left side. The seizures were successfully treated and by the time of the measurements AH has been without seizures for many years. AH has a mild hemiplegia (hemiparesis) that affects mainly the fine movements of her left hand and fingers. AH's developmental and medical history was otherwise normal.
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We investigated basic visual functions including quantitative perimetry before the structural and functional MRI scans. In one MRI session we recorded a polar angle mapping experiment, eccentricity mapping, short events of motion mapping, an anatomical scan, and a diffusion tensor imaging scan (DTI). Due to body movement artifacts we could not use the DTI measurements or the motion mapping results. Here, we report the retinotopic mapping experiments only.
For comparison, AH's retinotopic maps were closely checked against 2 normal adult subjects from our database of previously mapped subjects (HDR01, KRT28) (1) and one age-matched control subject (ATS10) who was measured both with the 2 eyes opened at Brain Imaging Center (BIC),Frankfurt, Germany) like the other adult control subjects and one time with one eye closed for better comparison with the patient AH at Centre for Cognitive Neuroimaging (CCNi),Glasgow, United Kingdom).
Visual Examination. AH's vision was examined before the MRI scans in the ophthalmological laboratory by professional orthoptist in the Psychophysics unit of the Max Planck-Institute. AH's microphtalmic right eye shows only an attenuated pupillary light reflex, and some rudimentary light perception with coarse pointing abilities in the nasal visual field. With her left eye, AH reaches visus of 1.0 for far (using numbers) and near of 1.25 (using separate C-test) and 0.9 (using C-test in rows). Fixation of the left eye is firm and foveolar. The left eye accommodates 8 diopters, which is appropriate for her age. Contrast sensitivity for the left eye was tested using Vistech charts and was in the upper norm for all spatial frequencies. Color vision test (Ishihara) revealed slight red-green deficiencies. Hand-eye coordination (reaching and grasping) for static and moving objects in her lateral visual field was slow but well coordinated visually, however, she showed underestimation of velocities and distances in her more peripheral visual field. AH's head posture is straight and not slanted and she has good head movement control. Eye movement mobility is unrestrained in all directions. Fixation saccades in the periphery are unerring. Slow smooth pursuit is executed accurately in her lateral visual field as well as her convergence movements. There are no signs of pathological nystagmus, however, an end point nystagmus was observed.
Goldmann perimetry of the left eye revealed sensitivity along the horizontal meridian of both the contralateral and ipsilateral visual hemifields, but in the latter only up to an eccentricity of approximately 30° (Fig. 1E) . The upper visual field was markedly reduced (to approximately 20°eccentricity) and this reduction was more pronounced in the ipsilateral (left) than in the contralateral (right) hemifield. There are various scotomata in AH's upper visual field which she reports using the Amsler recording chart.
Stimulus. Stimuli were generated using StimulDX software (Brain Innovation), and back-projected with a data beamer (Sanyo PLC-XP41 with a strong zoom lens, 60 Hz) onto a frosted screen fixed to the head coil which could be viewed through a tilted front surface mirror (silver-mounted) that was assembled to the inside of the head coil. Subject ATS10 was remeasured with an OLED goggle system (NordicNeuroLab, 60 Hz).
For the polar-angle preference mapping experiment we used black and white inverting checkerboard wedges (polar angle size 24°, inversion frequency 4 Hz) that rotated clockwise through the visual field at a speed of 67 s per full rotation (11.25°polar angle/volume [2080 ms]). Twelve rotations were repeated during fMRI measurements. The tip of the wedge pointed toward the fixation cross at the center of the screen (maximal visual field of 24°vertical and 32°horizontal). The size of the checkerboards increases with eccentricity to account for the cortical magnification factor. For the eccentricity mapping a black and white inverting checkerboard ring that expanded in size was used. The radius increased from 1°to 12°in 67 s (32 volumes). Seven cycles were repeated in the eccentricity fMRI run. This resembles largely our standard protocol for retinotopic mapping used for more than 10 years now (1-3) .
MR Imaging Parameter.
Patient AH and control subjects (HDR01, KRT28, ATS10) were measured at the BIC Frankfurt, Germany. Subject ATS10 was measured again at the CCNi in Glasgow, United Kingdom. MRI was performed at the BIC with a 3 Tesla Magnetom Trio System (single channel phased array coil) and at the CCNi with a 3 Tesla, Magnetom Trio a Tim System (12 channel head coil) both from Siemens.
Structural MRI. T1-weighted imaging was recorded using a 3D magnetization prepared rapid gradient echo ''MPRAGE'' sequence with the standard parameters of: Echo Time (TE) 3 ms, Repetition Time (TR) 2250 ms, voxel size 1.0 ϫ 1.0 ϫ 1.0 mm 3 .
For functional T2* weighted MR imaging, we used a single shot FID gradient-recalled echo-planar imaging (EPI) sequence with the following sequence parameters: TE ϭ 30 ms, TR ϭ 2080 ms, Flip Angle (FA) ϭ 90 deg, Field of View (FoV) ϭ 192 mm, slice sickness ϭ 3 mm, matrix size 64 ϫ 64, resolution 3.0 ϫ 3.0 mm 2 , 32 slices, gap thickness 0.3 mm. (Note: At the BIC, Frankfurt we selected a relatively big FA of 90°because the amplifiers of the Trio System produce occasionally artifacts at lower flip angles, optimal SNR would be at an FA shortly below 78°). EPI images were corrected for body motion with the prospective PACE-Moco algorithm (Siemens). This algorithm also compensates for shifts in the center frequency caused by gradient heating throughout the course of an EPI measurement (necessary for Trio-System at BIC but not necessary for Trio a Tim Systemat CCNi). The images at the CCNi were matched to the previous scans with only the following minor changes: parallel imaging was applied with an IPat-Factor 2 allowing for 34 slices (instead of 32), TR 2000, TE 30, FA ϭ 77 deg.
Eye Movement Monitoring.
At the BIC, Frankfurt we used an infrared video based eye-tracking system from Applied Science Laboratories (ASL) for patient AH. The infrared eye-tracking camera was equipped with a photographic lens of adequate focal length for full-size eye images recorded from outside of the scanner room. The eye-tracking images were traced through a wave guide at the headend of the scanning room and over a small mirror mounted on top of the head coil behind the semitransparent stimuli-projecting mirror. Eye-tracking data were transmitted to a monitor and computer in the control room.
At the CCNi, Glasgow, control subject ATS10 was measured with an infrared video based eye-tracking camera system from NordicNeuroLab AS. The eye tracking device is integrated within the OLED visual stimulation goggle system. Camera images are transferred to fiber-optic signal before transmission to an eye-tracking PC in the scanner control room. Eye images are monitored on a computer screen and recorded with Arrington Software (Arrington Research, Inc.). Eye movement recordings were analyzed and visualized with MatLab (The Math Works Inc.). Time courses were filtered and averaged to estimate an average amount of eye movements per fMRI-volume. These estimates were used as predictors for correlation of the fMRI time series and helped therefore to detect eye movement related EPI signal variations (Fig. S2) .
MRI Analysis
Structural MRI-Based Analysis of Anatomy. Structural MRI images were analyzed using BrainVoyagerQX 1.7-1.10. From the DICOM raw image data 3D volumes were created and corrected for inhomogeneity using an iterative process that estimates spatial signal intensity shifts along marked white matter voxels. These linear gradients are inverted and used for subsequent correction of spatial inhomogeneity. Data were aligned and transformed to standard Talairach-coordinate system (see Fig. S1 ) (4, 5) . The cortical surface was segmented along the gray-white matter border, smoothed, reconstructed, and enlarged for 1-2 mm into the gray matter (''RecoSM''). Inconsistent bridges and holes in the cortical reconstructions were removed automatically (6) . Functional data between the smoothed reconstruction and 3 mm toward the outer brain border were considered for the statistical surface maps. For better visualization of cortical maps all cortical reconstructions were inflated. Sulcal patterns of the original reconstruction (RecoSM) were kept as dark stripes (indicating concave cortex curvature).
Functional MRI. Functional MRI data were analyzed using BrainVoyagerQX 1.7-1.10 (Brain Innovation B. V.), MatLab (R2007b, The MathWorks Inc.), and Statistica (Stat Soft).
EPI image time series were preprocessed using standard BrainVoyagerQX 1.7-1.10 preprocessing algorithms including: 3D-rigid-body transformation based 3D motion correction, slice scan time correction using sinc-interpolation, linear trend removal, and an FFT-based temporal high-pass filter with a cut-off at 5 cycles per experimental run, allowing to pass all stimulus-induced activity (stimulation frequency: 12 cycles per run). Functional data were transformed to volume time courses (VTC interpolated spatial resolution of 1 ϫ 1 ϫ 1 mm 3 ) in approximated Talairach space (4) and later transformed to the individual cortex mesh time course structure (MTC) based on smoothed cortical reconstructions as described above (RecoSM). Phase maps were calculated in BrainVoyagerQX using a cross-correlation approach as described below. Signal time courses were selectively exported to MatLab (using BVQXtools-toolbox, Brain Innovation B.V.). In addition, the same set of reference functions that was used for the cross-correlation analysis was then used in MatLab to calculate and visualize all cross-correlation coefficients (Fig. 3 and Fig. S3 ).
Phase Maps. Phase-encoded retinotopic preference maps were generated by assessing a set of linear correlations with a set of reference functions, each of which is shifted in time for 2.1 s (1 volume of EPI images/TR) or 11.25°. For a visual whole-field map we started with a reference function that corresponded to visual stimulation around the lower vertical meridian (polar angle 270°; size Ϯ12°; starting point of wedge covering polar angle: 258 -282°) and cycled slowly for 8.3 s clockwise (4 volumes, 45°) to the new mid position around the lower left diagonal (225°; range in polar angle 213-237°). The reference function was a box-car convolved with a gamma function (delta: 2.5; tau: 1.25) to account for the shape and delay of the hemodynamic response (7) . This reference function is shown in red in Fig. 3 (B-D) . The next reference function was created by moving the previous one forward in time (i.e., clockwise) for 1 volume (2.1 s; 11.25°; now covering the visual field between 203-271°) and so on until the 28th reference function (or the 14th for a hemi-field map) was created and corresponded to a visual field coverage of 258 -327°. Please note that each predictor is extended in time (4 volumes, 45°), and it is common practice to reduce the amount of cross correlations by the width of the predictor. A full circle consists of 32 volumes but the last 4 would start to become increasingly similar to the first one and the map-color assignment would become ambiguous. Therefore it is advisable to use 28 crosscorrelations (32 volumes Ϫ 4 width of predictor ϭ 28 cross-correlation references or 14 for hemifield maps). All of our previous publications follow this procedure in principle (2, 3, 5) . The highest correlation for each voxel determines its phase preference (shown in different color codes). Phase preference colors are only shown if the correlation exceeds a given threshold.
Use of Embryo Database. For estimation of the time point at which the loss of the hemisphere must have occurred we investigated the anatomical images of the online database ''The Virtual Human Embryo Database'' from the Carnegie Collection http://virtualhumanembryo.lsuhsc.edu/. In this database, the first signs of the optic disc appears at Carnegie stage 9 but other sources report the first appearance of the optic disc and the diencephalon at Carnegie stage 11/12 (day 29/30) (8). The medial (diencephalic) eminence of the basal nuclei can be seen in Carnegie stage 14 (day 33) (8) when also the first telencephalic structures are distinguishable (9) .
Results
Structural MRI. The structural MRI confirmed AH's condition. The entire right cerebral hemisphere and almost the entire right diencephalon are replaced by cerebrospinal fluid (CSF). The left cerebral hemisphere, however, was hypertrophic and extended beyond the midline. A small structure of the diencephalon at the level of medial thalamus might be considered as remnant of the right hemisphere (Fig. S1 ). This piece is very small and resembles a meningeal rudiment rather than brain tissue. This tissue remnant is located several millimeters anterior to visually innervated parts of the thalamus (i.e., the pulvinar and LGN) and shows no functional activation during visual stimulation. The region around the optic chiasm revealed a small bundle of optic nerve fibers originating from the right microphtalmic eye and joining the ipsilateral projection axons from the left eye. Unfortunately, the resolution of the scans in this region was insufficient to trace fibers that might have crossed to the intact mesencephalic targets on the right side. (Fig.  1, Fig. S1 and Movie S1).
Results of Eye Movement Recordings. Before the fMRI experiment AH's head and eye tracker mirrors were positioned carefully so that her eye movements could be monitored from the MRI control room. The automatic eye-tracking recording software failed quickly, however, after a small head movement between anatomical and fMRI scans. AH's eyelid and borders of the mirror created problems for the automatic eye position detection algorithm-even though the eye position could easily be monitored by inspection in the control room: AH fixated well during the polar angle mapping experiments and became increasingly restless during the eccentricity mapping experiment. To generate a more objective measure of eye movement behavior we used AH's EPI images and defined a region of interest around her eyeballs. As shown previously the eyeball signal time course correlates well with eye movements (10) . To validate this approach we correlated objectively measured eye movements of age-matched control subject ATS10 with fMRI data and compared these results to the correlation of eyeballs signal time courses to the fMRI data (Fig. S2) . As shown in Fig. S2 AH's eyeballs were stable during the polar-angle experiment but less stable during the eccentricity mapping experiment. Modest eye movements led to blink and muscle related artifacts in the forehead (polar-mapping of ATS10, and AH). Stronger eye movements led to widespread artifacts in distributed parts of the cortex. Signal time courses that are highly correlated to these eye movement predictors are generally in the forehead and around the eyes but can also effect signal response elsewhere. (Maps r Ͼ 0.14; false discovery rate of 5%). As alternative to actual eye movement recordings we used a strategy that is based on findings of ref. 10 . (E) FMRI signal time course of the ROI from ATS10s left eye are extracted from the fMRI data and used as predictor for cross-correlation analysis of the fMRI data. (G) Maps of eyeball ROI correlation show significant correlation in the forehead roughly around the eyes and some distributed correlations throughout the brain (maps r Ͼ 0.14; false discovery rate of 5%). The correlation of both measures eye-ROI signal and infrared eye movement predictor is r ϭ Ϫ0.14 which is significant (P Ͻ 0.05). (H-I) We subsequently used the same approach for the time series analysis of patient AH during polar mapping experiment.
(H) AH's eyeball movements and (I) the corresponding correlation maps (maps r Ͼ 0.14; false discovery rate of 5%). (J-K) same approach during the eccentricity mapping experiment (maps r Ͼ 0.14; false discovery rate of 5%) reveal strong eye movement related artifacts widely distributed. Data confirms very stable fixation during polar mapping experiment and less stable fixation during eccentricity mapping. Fig. 3 ). (C) The contralateral map shows no indication of overlapping maps, i.e., it responds purely to the contralateral hemifield as it is the typically observed pattern for control subjects (L, andQ). (E) Result of AH's eccentricity mapping. Color scale for expanding ring stimulus from purple (fovea), blue, green, yellow, orange, red, and pink (periphery). (F-H) Cross-correlation plots for the eccentricity mapping experiment. Rows of single surface point's cross-correlation are ordered with preference from fovea to periphery. With this sorting a diagonal from top-left to bottom-right would be expected as it is seen for control subjects (O and T). There is a tendency that the stimulation phase around 7-8°is over represented in AH's eccentricity map. This is partly related to body and eye movement-related instability during the receptive phase of the measurement. However, the cross correlation-plots of the contralateral patch (G) shows a shallow diagonal shining through, indicating a complete fovea to periphery mapping that is not present in the ipsilateral patches (F and H). To test that a retinotopic map represents all polar-angles at all eccentricities we plotted binominal distributions of peak preferences (i.e., peak cross-correlations) for contralateral part of V1 (I) and the ipsilateral part of dorsal V1/V2d patch (J). (K-O) Same analysis for the normal contralateral representing map of V1 in age-matched control subject ATS10. (P-T) Analogously for adult visual maps of control subject KRT28. Note, there is a slight spill-over of activity seen in both subjects to respond to the ipsilateral visual indicated by peaks left of the 90°line in (L and Q). This spillover is in part related to partial-volume effects of voxels close to the midline that pick up some activity from contralateral hemisphere. Spillovers due to partial volume effects cannot occur in AH where adjacent locations are filled with CSF only. (11) . Although it is agreed that individual coordinates might vary by a few mm our coordinates are in good consistency to the reports of this group and others (12) (13) (14) (15) . (E) AH's ipsilateral visual field representation is strong (threshold for maps is at a false discovery rate [FDR] below 1%, size 1278 mm 3 ) and extends largely over the LGN region and further posterior than control subjects (y-coordinates given in panels). (F) AH's contralateral visual field representation is small and weak in comparison (threshold was lowered to an FDR of 10%, size 99 mm 3 ). (G-I) Control subjects show consistent LGN retinotopy to the contralateral visual field with the expected gradients from blue-to-red following anterior to posterior and dorsal to ventral (HDR01 at FDR:5% size 574 mm 3 , KRT28 at FDR:1% size 138, ATS10 at FDR:5% 209 mm 3 ). ATS10
LGN is positioned slightly more posterior between Ϫ26 and Ϫ29 y (which is consistent with some ventricle asymmetry observed in this subject). The reported LGN sizes (255 mm 3 average of 4 contralateral maps) are in accordance with the reported range of previous fMRI studies 230 -440 mm 3 (11, 12, (15) (16) (17) , with the exception of AH's ipsilateral visual field representation (E) which is more than 3 times as big. Partial volume effects and other fMRI methodological factors lead to a systematic size overestimation in relation to anatomical LGN measurements (18) .
